Abstract A load-based multiple-partial unloading microindentation technique has been developed for evaluating mechanical properties of materials. Comparing to the current prevailing nano/micro-indentation methods, which require precise measurements of the indentation depth and load, the proposed technique only measures indentation load and the overall indentation displacement (i.e. including displacement of the loading apparatus). Coupled with a multiple-partial unloading procedure during the indentation process, this technique results in a load-depth sensing indentation system capable of determining Young's modulus of metallic alloys with flat, tubular, or curved architectures. Test results show consistent and correct elastic modulus values when performing indentation tests on standard alloys such as steel, aluminum, bronze, and single crystal superalloys. The proposed micro-indentation technique has led to the development of a portable loaddepth sensing indentation system capable of on-site, in-situ material property measurement.
Introduction
Indentation tests are complex processes involving contact mechanics, material nonlinearity and even fracture mechanics. Analytical solutions are, therefore, difficult to obtain for general cases. As a result, much of the understanding of the indentation process has been acquired through experimental methods and finite element simulations. Tabor [1] demonstrated the application of the spherical indentation to obtain post-yielding stress/strain relationship. It was realized that the indentation technique could be used as a mechanical probe for the evaluation of mechanical properties such as Young's modulus, hardness, residual stress, post-yielding stress/strain data, fracture toughness, etc. The development of instrumented indentations made it further possible to obtain the indentation load (P)-depth (h) data for both loading and unloading, as shown in Fig. 1 . An analytical or semi-analytical analysis of the loading-unloading process is required in order to correlate this curve to the test material mechanical properties. The most direct result from such a curve is Young's modulus value, derived from the unloading stiffness with assumed Possion's ratio value. Hardness value can also be obtained depending on the indenter type with proper geometrical correction factors. If multiple indentations or multiple loading-unloadings are conducted, post-yielding stress-strain data can be obtained as well.
While analytical load-depth relations for an elastic indentation were obtained by Sneddon [2] , it was Lure [3] who further derived the explicit load-depth relations for both spherical and conical indenters. Later, Pharr et al [4] and King [5] extended it to other indenter types. Bulychev et al [6] defined the initial unloading slope and reduced modulus by considering the unloading as a reversible elastic process. This provided a theoretical method for determining the modulus of elasticity. The unloading curve was also observed to be nonlinear by Loubet et al [7] as well as Doerner and Nix [8] . Systematic experimental investigation of indentation unloading was performed by Oliver and Pharr [9] , confirming that the unloading stiffness changes continuously and is governed by a power law relation, and all the curves were found to follow the same power law form if arranged to pass through a common origin.
Other than the indentation depth, contact area is another key parameter of indentation test for mechanical properties evaluation. Kleesattel [10] designed a special apparatus for direct contact area measurement through a spherical sapphire indenter. By applying a special lighting technique, Frank [11] developed a transpyramidal indentation viewing system. It was also implemented by Sakai et al [12] using a similar technique. Recently, the authors have developed a Transparent Indenter Measurement (TIM) technique [13, 14] to measure the contact area in real time. A similar approach has been used by Miyajima and Sakai [15] using sapphire spherical indenters on aluminum and zirconium oxide materials. For certain applications, such as dark or rough surfaces, measurement of contact area is difficult. Similarly for thin-film coatings, the contact area of nanoindentation may be too small for accurate measurement. Therefore, indirect measurement methods for indentation contact area evaluation were developed by various investigators based on precise indentation depth measurements coupled with suitable calibration procedures. Typically, the unloading stiffness is used to estimate the contact area through some iterative algorithm [16] [17] [18] [19] . Furthermore, high-precision displacement sensors are needed in order to accurately obtain load-depth curve and the unloading stiffness data [6-9, 18, 19] .
In this paper, we present a load-based multiple-partial unloading micro-indentation technique for evaluating material mechanical property. Comparing to the current prevailing nano/micro-indentation methods, which require precise measurements of the indentation depth and load, the proposed technique only measures indentation load and the overall indentation displacement (i.e. including loadinduced displacement of the loading apparatus). Coupled with a multiple-partial unloading procedure during the indentation process, this technique results in a load-depth sensing indentation system capable of determining Young's modulus of metallic alloys with flat, tubular, or curved architectures. The proposed micro-indentation method provides the theoretical base to develop a portable loaddepth sensing indentation instrument for on-site, in-situ material mechanical property evaluation.
Load-Based Indentation Formulation
As discussed earlier, Young's modulus measurement from indentation test is derived from the unloading data of a loaddepth sensing indentation test. Lure [3] showed the following formula for a spherical indenter under idealized conditions.
For a deformable spherical indenter; P ¼ 4
where
Þ=E, υ and E are Poisson's ratio and Young's modulus of the specimen, h e is elastic indentation depth, R is the radius of the spherical punch, and E r is defined as
where E i and υ i are Young's modulus and Poisson's ratio of the indenter.
Equation (1) then leads to the well-accepted equation for Young's modulus evaluation:
where d is diameter of the contact area. In terms of the projected area,
For a nano-or micro-depth sensing indentation, the projected area A is either directly measured or calibrated as a function of indentation depth, thus it requires precise measurement of indentation depth and/or projected area in order to obtain Young's modulus accurately.
Rewriting equation (1) as P ¼ ah e m , solving for h e and taking the derivative with respect to P on both sides, yields;
where a ¼
m is a function of the indenter size and mechanical properties of the material.
It should be noted that equation (3) is only valid for elastic indentation process. As the indentation unloading is elastic, this compliance (3) can be further written as,
Thus, without any direct contact area measurement, an alternative theoretical solution for Young's modulus measurement is obtained. Specifically for a deformable spherical indenter of radius R,
3 is related to the elastic modulus. Equation (5) establishes a load-based algorithm in which only the unloading stiffness and load are required to determine Young's modulus. In a typical load-depth sensing indentation system, the indentation depth is usually determined using high precision displacement sensors. This requirement can be circumvented for this load-based algorithm coupled with a multiple-partial unloading technique described below.
Multiple-Partial Unloading Technique
During an indentation test, the loading apparatus is also subjected to the indentation load, thus the total indentation displacement (h total ) includes indentation depth and system deformation,
where h is the indentation depth, and h s is deformation of the indentation system caused by the indentation load.
Taking the derivative on both sides,
where dh s dP represents the system compliance, i.e.
dh s dP ¼ C s , and substituting equation (5) into equation (7) leads to,
Equation (8) shows an important feature of the loadbased algorithm, i.e. the indentation depth may be replaced by the total displacement h total , if the system compliance can be measured simultaneously or calibrated automatically. However, calibration of the system compliance is not easy. For example, as the coupon size varies, the system compliance term C s in equation (8) will also change. Thus, when using equation (8), it is desirable to find an in-situ measurement of the system compliance. This may be achieved by using the proposed multiple-partial unloading approach [14] . Figure 2 shows a schematic loaddisplacement curve in which multiple partial unloadings during a single indentation test were introduced. For a spherical indenter at each unloading step, from equation (8) , the unloading compliance is
Equation (9) shows that The validity of the proposed load-based indentation method can be addressed via equation (9) . If the system compliance (C s ) does change during the indentation test, the linear relationship depicted in equation (9) will not be maintained and vice versa. It should be noted that, after obtaining Young's modulus, other mechanical properties such as hardness and stress-strain relationship can also be determined using methods developed by other researchers [9, 10, [16] [17] [18] [19] .
Experimental Setup and Development of a Portable Load-based Indentation System
To validate the proposed load-based algorithm, a table-top micro-indentation system was first constructed and tested on various alloys. dh(total)/dp
All Data Set
Used for Linear Regression Fig. 7 Typical linear relationship observed between dhtotal dp and P dh(total)/dp
Used for Linear Regression Fig. 6 Typical linear relationship observed between dhtotal dp and P Based on the multiple-partial unloading method, a LabVIEW™ software tool was developed to perform the micro-indentation tests. The program first detects the contact position between the indenter and the test sample using a relatively small load <0.1 N. Then the multiplepartial unloading procedure is performed based on a predefined profile as shown schematically in Fig. 2 . Other parameters such as the velocity of the indenter movement, penetration depth and unloading depth can also be programmable controlled. Following the completion of the indentation test, data are processed for slope measurements (equation 9) and then Young's modulus determination (equation 5). For the results shown in this paper, all tests were conducted with ten loading/partial unloading steps, each having a partial unloading displacement of~1 μm.
Micro-indentation tests were performed on three alloys: O1 tool steel, Aluminum 6061, and Bronze 932. Young's modulus values for these materials [20] are known to be in a range of 190~210 GPa, 68~71 GPa and 103~124 GPa, respectively. These materials were purchased from McMaster with minimal surface preparation, i.e., surface cleaning and minor polishing using 600 grit sand paper.
A portable hand-held micro-indentation system was also constructed. As shown in Fig. 4 , the portable indentation system has a compact housing with a small PZT actuator (PI, P-239.30/SGS, 40 μm travel range with strain gage sensor, 0.8 nm resolution). The compactness of the unit makes it easy to mount on a flat sample or a tubular structure. Also shown in Fig. 4 , a metallic tube is mounted for testing.
Experimental Results
A series of micro-indentation tests were carried out on the sample alloys using the load-based indentation technique. Figure 5(a) shows the typical indentation load and displacement data of a O1 tool steel specimen, in which ten partial unloading/reloading steps were introduced. Based on the unloading data, as indicated in Fig. 5(a) , compliances at each unloading step were calculated. They were then processed based on equation (9) and the algorithm discussed in the multiple-partial unloading technique section. Figure 5(b) shows the data analysis results. The processed data indicated the existence of a linear relationship with the exception of the data points at the beginning of the indentation due to initial loading nonlinearity. The departure from linearity happened at the beginning of an indentation test (The right-most point represents the beginning of the test). This can be due to the Table 1 Young's modulus measurement using the load-based indentation technique on flat specimens Table 1 . Furthermore, we also conducted microindentation tests on O1 tool steel and Bronze 932 rods and the results are shown in Table 2 . As shown in Tables 1 and 2 , excellent agreement with literature data is noted.
Single crystal superalloys, Haynes 230 and René N5 alloys, were also investigated using the proposed microindentation method. Both specimens were prepared with the same simple surface preparation described earlier. For alloy Haynes 230, the measured surface stiffness (i.e. Young's modulus) is in the range of 200~210 GPa, which is in good agreement with literature value. The measured surface stiffness for René N5 (without YSZ) is in the range of 140~150 GPa. Figure 8(a) shows the typical load-depth curve for Haynes 230, and Fig. 8(b) shows the linear relationship from which the material Young's modulus value is determined (i.e. equation (9)). Similarly, Fig. 9(a) and (b) show typical load-depth curve and the linear relationship for René N5.
Conclusions
A load-based micro-indentation method has been developed for evaluating Young's modulus of materials. Using an automated multiple-loading/unloading indentation testing procedure, the new micro-indentation technique does not need to determine the load-induced indentation contact area and depth, and leads to the development of a load-depth sensing indentation system that is capable of determining Young's modulus of metallic alloys with flat or tubular surface. This technology can facilitate the development of portable device for on-site, in-situ, material mechanical property measurement. 1/P^1/3 dh/dp (um/N)
Uncoated ReneN5
Linear (Uncoated ReneN5) (a) (b) Fig. 9 (a) Typical load-depth curve from a multi-partial unloading indentation test on an uncoated René N5 alloy (without YSZ), (b) Linear relationship from the multi-partial unloading indentation data, from which the material Young's modulus is determined to be 145 GPa
